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 9 
Abstract – Chemical Looping with Oxygen Uncoupling (CLOU) process is a Chemical 10 
Looping Combustion (CLC) technology that allows the combustion of solid fuels as in 11 
common combustion with air, by means of using oxygen-carriers that release gaseous 12 
oxygen in the fuel-reactor. The aim of this work is to study the behavior of the sulphur 13 
present in the fuel during CLOU combustion. Experiments using lignite as fuel were carried 14 
out in a continuously operated 1.5 kWth CLOU unit during more than 15 h of operation. 15 
Particles prepared by spray drying containing 60 wt.% CuO on MgAl2O4 were used as 16 
oxygen-carrier in the CLOU process. The temperature in the fuel-reactor was varied between 17 
900 and 935 ºC. The CO2 capture, the combustion efficiency and the sulphur split between 18 
fuel- and air-reactor streams in the process were analyzed. Complete combustion of the fuel 19 
to CO2 and H2O was found in all experiments. Most of the sulphur introduced with the fuel 20 
exits as SO2 at the fuel-reactor outlet although a small SO2 amount is measured at the air-21 
reactor outlet. As the temperature in the fuel-reactor increases, the SO2 concentration in the 22 
air-reactor exit flow decreases. At 935 ºC, a carbon capture efficiency of 97.6% was reached 23 
with 87.9 wt.% of the total sulphur exiting as SO2 in the fuel-reactor. Both, reactivity and 24 
oxygen transport capacity of the oxygen carrier were unaffected during operation with a high 25 
sulphur content fuel, and agglomeration problems did not occur. Predictions on the use of a 26 
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carbon separation system in the CLOU process in order to reduce the sulphur emission are 27 
calculated. Coals with high sulphur content, as lignite and anthracite, would need a carbon 28 
separation system to fulfill sulphur legislation limits. As a conclusion, coals with high sulphur 29 
content can be burnt in a CLOU process using a Cu-based material obtaining high carbon 30 
capture efficiencies.  31 
 32 
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 34 
1 Introduction  35 
Chemical-Looping with Oxygen Uncoupling (CLOU) process is a Chemical-Looping 36 
Combustion (CLC) technology that allows the combustion of solid fuels with inherent CO2 37 
separation using oxygen-carriers. The CLOU technology may be especially suitable for solid 38 
fuels, such as coal, petroleum coke or biomass. The CLOU technology takes advantage of 39 
the property of some metal oxides which can generate gaseous oxygen at high 40 
temperatures. The oxygen generated by the oxygen-carrier reacts directly with the solid fuel, 41 
which is mixed with the oxygen-carrier in the fuel-reactor. The oxygen-carriers for CLOU 42 
must have the ability to react both with oxygen in the air-reactor and then also to release this 43 
oxygen through decomposition in the fuel-reactor. Three such metal oxide systems have 44 
suitable properties to be used as oxygen-carriers in the CLOU process: CuO/Cu2O, 45 
Mn2O3/Mn3O4, and Co3O4/CoO [1]. 46 
An analysis about the suitability of different Cu-based materials was carried out previously at 47 
ICB-CSIC, [2,3]. Particles prepared by several methods with different supporting materials 48 
and different metal oxide contents were tested. Particles of 60 wt.% CuO were tested in a 1.5 49 
kWth CLOU continuous unit [4], where the proof of the concept of the CLOU process was 50 
demonstrated using coal as fuel. The effect of the coal rank was also analyzed [5] in this 51 
plant using a lignite, two bituminous coals and an anthracite. Complete combustion to CO2 52 
and H2O was reached with all of the different coals. However for low reactivity coals such as 53 
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anthracite, a carbon separation system would be needed in the system to reach high carbon 54 
capture efficiencies.  55 
The design of an industrial CLC plant can be affected by the presence of the sulphur 56 
compounds in two ways. From the environmental point of view, the sulphur fed into the 57 
system can be released as SO2 in the air-reactor gas outlet stream and must fulfil the 58 
legislation about gaseous emissions, or be emitted in the fuel-reactor gas stream affecting 59 
the quality of the CO2 with important consequences for the compressing , transport and 60 
storage [6,7]. Pipitone and Bollard [8] give some examples of quality specifications for CO2, 61 
transport and storage of some industrial companies operating at the moment.  62 
From the operational point of view, the sulphur compounds may react with the active metal 63 
oxide to form metal sulphides or sulphates that can be poisonous to the oxygen-carrier, 64 
decreasing its reactivity. Moreover, the low melting point of some sulphur compounds, e.g. 65 
805ºC for CuSO4 or 1100ºC for Cu2S, could produce agglomerations and affect the solid 66 
circulation pattern between the interconnected fluidized-bed reactors. 67 
Only few studies have been made in continuous units to analyze the effect of sulphur using 68 
CuO oxygen-carriers under different operating conditions. Forero et al. [9] studied the fate of 69 
sulphur in the combustion of natural gas in the CLC process using a Cu-based oxygen-70 
carrier, with H2S concentrations up to 1300 vppm. It was found that the majority of sulphur in 71 
the fuel was released as SO2 in the fuel-reactor under normal operation conditions. The 72 
formation of Cu2S or CuSO4 was not detected when there was an excess of oxygen in the 73 
bed. Nevertheless, in favorable conditions for formations of Cu2S, any agglomeration 74 
problems in the fluidized beds were never detected. 75 
To date, there are not any available study on the performance of the CLOU process 76 
regarding the fate of the sulphur. A study of the effect of the sulphur present in the fuel on the 77 
oxygen-carrier behaviour and its distribution in the CLOU system is needed to know the real 78 
consequences in a CLOU process using coals with high sulphur content.  79 
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The aim of this work is to investigate the fate of sulphur in the CLOU process using a Cu-80 
based oxygen-carrier. The experiments were carried out with a Spanish lignite with high 81 
sulphur contents in a continuous unit of 1.5 kWth. The effect of fuel-reactor temperature on 82 
the combustion efficiency, carbon capture efficiency and sulphur distribution were 83 
investigated. The results obtained are analyzed and discussed in order to be useful for 84 
industrial operation of the CLOU process. 85 
 86 
2 Experimental section 87 
2.1 Materials 88 
The material used was a Cu-based oxygen-carrier prepared by spray drying manufactured 89 
by VITO (Flemish Institute for Technological Research, Belgium). The CuO content of 90 
particles was 60 wt.% with a 40 wt.% of MgAl2O4. Particle size was +100-200 m [10]. Table 91 
1 shows the main properties of the oxygen-carrier. 92 
A Spanish lignite with high S content was used for CLOU experiments. The coal particle size 93 
used for this study was +200–300 μm. Table 2 shows the proximate and ultimate analysis of 94 
this coal and its char. Also, it was done an analysis to determinate the amount of pyritic 95 
sulphur in the coal and the total sulphur in ashes recovered in the filters of the system. 96 
2.2 Continous CLOU unit: ICB-CSIC-s1 97 
A schematic view of the CLOU unit is shown in Fig. 1. The set-up is basically composed of 98 
two interconnected fluidized-bed reactors –the air- and fuel-reactors– joined by a loop seal, a 99 
riser for solids transport from the air-reactor to the fuel-reactor, a cyclone and a solids valve 100 
to control the solids circulation flow rate in the system. A diverting solids valve located below 101 
the cyclone allowes for the measurement of the solids flow rates at any time. Therefore, this 102 
design allowes us to control and measure the solids circulation flow rate between both 103 
reactors. 104 
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The fuel-reactor consists of a bubbling fluidized bed with 5 cm of inner diameter and 20 cm 105 
bed height. N2 is used as fluidizing gas, the gas flow was 186 LNh, corresponding to a gas 106 
velocity of 0.11 m/s at 900 ºC. The minimum fluidizing velocities of the oxygen carrier 107 
particles are 0.006 m/s for the smallest particle size and 0.023 m/s for the biggest one. Coal 108 
is fed by a screw feeder at the bottom of the bed right above the fuel-reactor distributor plate 109 
in order to maximize the time that the fuel and volatile matter are in contact with the bed 110 
material.  111 
The oxidation of the carrier takes place in the air-reactor, consisting of a bubbling fluidized 112 
bed with 8 cm of inner diameter and 10 cm bed height, and followed by a riser, the air flow 113 
was 1740 LN/h (ug = 0.40 m/s). In addition, a secondary air flow (240 LN/h) was introduced at 114 
the top of the bubbling bed to help particle entrainment through a riser. The total oxygen 115 
carrier inventory in the system was around 2.0 kg, being about 0.5-0.6 kg in the fuel reactor. 116 
The amount of solids in the fuel reactor was calculated from pressure drop measurements in 117 
the reactor for each test. Detailed information about the plant and the experimental 118 
conditions can be found in [4,5]. 119 
CO, CO2, H2, CH4, SO2, and O2 were continuously analyzed in the outlet stream from fuel-120 
reactor, whereas CO2, CO, SO2 and O2 were continuously analyzed from the flue gases of 121 
the air-reactor by means of an infrared, paramagnetic and conductivity analyzers. H2S was 122 
analyzed by GC. 123 
To determine the effect of S on the behavior of the oxygen-carrier, several tests under 124 
continuous operation were carried out. The fuel-reactor temperature was varied from 900 ºC 125 
to 935 ºC. The temperature in the air-reactor was maintained at around 900 ºC in all 126 
experiments. The solids circulation rate was maintained at a mean value of 3 kg/h, whereas 127 
the coal feeding rate was 0.12 kg/h which corresponds to an oxygen-carrier to fuel ratio, ϕ, of 128 
1.2. 129 
To analyze the performance of the CLOU process, the combustion efficiency in the fuel 130 
reactor and the carbon capture efficiency are also calculated. Calculations are based on the 131 
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molar flow of every gas analyzed, Fi which is determined from the measured concentration. 132 
Mass balances are checked and a closing about 98% are found for the carbon balance in all 133 
cases.  134 
The combustion efficiency in the fuel-reactor is calculated through the ratio between the 135 
oxygen required to fully burn unconverted gases (CH4, CO and H2) at the fuel reactor exit 136 
and the oxygen demanded by coal converted in the fuel-reactor. Thus, the oxygen 137 
demanded by the carbon bypassed to the air reactor, 
2CO ,AR
F , is subtracted from the oxygen 138 
demanded by coal in the denominator. Therefore, the combustion efficiency in the fuel-139 
reactor is calculated as: 140 
4 2
2
CH ,outFR CO,outFR H ,outFR
comb,FR
coal coal CO ,outAR
O
4F + F + Fη = 1 1 Ω m 2F
M
-
-
 (1) 141 
The carbon capture efficiency, CCh , is defined as the fraction of carbon initially present in the 142 
coal fed in which is actually at the outlet of fuel-reactor. This is the actual CO2 captured in the 143 
CLOU system; the rest is exiting together nitrogen in the air-reactor outlet. 144 
2
2 4 2
CO ,outAR
CC
CO ,outFR CO,outFR CH ,outFR CO ,outAR
Fη 1
F + F + F + F
   (2) 145 
A mass balance to sulphur can be done as: 146 
2 2, ,
· ( )S coal S SO outFR SO outAR ashf m M F F S= + +  (3) 147 
With the molar flow of SO2 exiting from the air-reactor and the total volume gas flow, the 148 
concentration of SO2 as mg/Nm3 is calculated and normalized. In the EU legislation [11], the 149 
SO2 concentration must be normalized using a 6 % of O2 in the exit stream for power plants, 150 
which contains 15 % of CO2.  151 
2.3 Batch fluidized-bed reactor 152 
A batch fluidized bed reactor is used to deeply analyze the sulphur evolution with time during 153 
coal combustion. The experimental work is carried out in a setup consisting of a fluidized-bed 154 
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reactor, a system for gas feeding, a solid fuel feeding system, and the gas analysis system. 155 
The reactor –55 mm inner diameter and 700 mm height– is electrically heated by a furnace, 156 
and had a preheating zone just under the distributor plate [12]. 157 
A batch of 20 g of fuel was burnt in the batch fluidized bed reactor using a sand bed with a 158 
particle size of +200-300 m . The total fluidizing flow was 200 LN/h, which corresponds to a 159 
gas velocity of 0.1 m/s at the reactor temperature, which is 3 times the minimum fluidization 160 
velocity of largest sand particles. The bed was heated in N2 until 925 ºC. The volatile 161 
products were burnt in an after burner reactor using a 7 % of O2 concentration. At 925 ºC the 162 
char combustion was carried out using a 2.5% of O2. Relatively low O2 concentration was 163 
used to simulate fuel reactor conditions in the CLOU unit, where there is much lower O2 164 
concentration than a typical air-fired combustor. The SO2, CO2 and CO gas concentrations 165 
were continuously measured.  166 
 167 
3 Results 168 
3.1 Combustion behaviour 169 
During 15 h of combustion operation no CH4, CO, H2S or H2 were detected in the gases 170 
exiting from the fuel-reactor. The possible presence of tars or light hydrocarbons was also 171 
analyzed. For one experiment with conditions kept constant for more than two hours, tar 172 
measurements in the fuel-reactor were done using a tar protocol [13,14]. The results showed 173 
that there were not tars in the fuel-reactor outlet flow, that is, no hydrocarbons heavier than 174 
C5. Thus, CO2, H2O, SO2 and O2 were the main gases, together the N2 introduced as 175 
fluidizing gas, exiting the fuel-reactor. Therefore, volatiles were fully converted into CO2 and 176 
H2O in the fuel-reactor by reaction with the oxygen released from the CuO decomposition. In 177 
addition, the oxygen release rate was high enough to supply an excess of gaseous oxygen 178 
(O2) exiting together with the combustion gases at equilibrium concentration at each 179 
temperature, being the oxygen concentration at equilibrium conditions 1.7% at 910 ºC, 2.4% 180 
at 925 ºC, 3.0% at 935 ºC. 181 
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Fig. 2 shows the effect of the fuel-reactor temperature on the combustion and the carbon 182 
capture efficiencies. It can be seen that complete combustion to CO2 and H2O was always 183 
reached. The carbon capture efficiency increased when the fuel-reactor temperature 184 
increased, due to an increase of the char combustion rate. Thus, less char is transferred to 185 
the air-reactor.  186 
3.2 Emissions of sulphur 187 
Fig. 3 shows the distribution of S between both reactor exits as a function of the fuel-reactor 188 
temperature. It can be seen that the S exits mainly as SO2 in the fuel-reactor stream and the 189 
amount increased with the temperature, decreasing the amount of SO2 exiting from the air-190 
reactor. This effect is due to the char conversion increases and therefore more sulphur is 191 
released in the fuel reactor and less sulphur is transferred with the char to the air-reactor. 192 
SO2 concentration in the fuel reactor (dry basis) varies from 2400 ppmv at 910ºC to 3000 193 
ppmv at 935ºC. 194 
Fig 4 shows the SO2 emissions in the air-reactor in normalized mg/Nm3 as a function of the 195 
fuel-reactor temperature. Moreover, the EU-legislated SO2 emission limit for new coal power 196 
plants (>300 MWth) are also depicted [11]. It can be seen that SO2 emissions in the air-197 
reactor decreased with the temperature. This effect is due to more char is converted in the 198 
fuel-reactor as the temperature increases. Although, the SO2 concentration exiting the air-199 
reactor stream was lower than 10% of the total S fed at 935ºC, the value of the SO2 emission 200 
is still too high and exceeds the legislation limit of 200 mg/Nm3. Note that direct combustion 201 
of this coal with air would give SO2 emissions of > 20000 mg/Nm3.  202 
From the char conversion values measured in the fuel reactor, the amount of char 203 
transferred to the air reactor can be determined, and therefore, assuming a S/C ratio 204 
constant and equal to the analysis of the nascent char, the S emitted as SO2 in the air-205 
reactor can be calculated. Fig. 4 shows the corresponding SO2 emissions assuming a S/C 206 
ratio in char constant during the combustion time of the char in the fuel reactor. As it can be 207 
seen, this calculated SO2 emissions are much lower than the measured ones. This fact could 208 
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be due to two different effects: S is transferred to the air-reactor in the oxygen-carrier 209 
particles by sulphur reaction with Cu or S is concentrated in the unburt char transferred to the 210 
air-reactor. 211 
To analyze whether sulphur is concentrated in the char, a detailed study of the S release 212 
during char combustion was carried out in the batch fluidized bed reactor installation. Fig 5 213 
shows the profiles of C and SO2 gas concentration at the outlet of the batch reactor, during 214 
the pyrolisis and followed by combustion of the generated char. The mass balance of the 215 
exiting gases indicates that the 43.1 wt.% of the sulphur exit from the devolatilization and the 216 
56.9 wt.% during the char combustion. On one hand, it can be seen that during 217 
devolatilization, the sulphur and the carbon in volatiles are evolved at the same rate. 218 
However, S and C profiles are different during char combustion. During char combustion, the 219 
SO2 generation rate is maximum when almost all the C in the char had been burnt. At this 220 
time, S/C ratio in char increases by a factor of 10 with respect to the S/C ratio measured in 221 
the char analysis. This behavior could be explained due to the high pyritic sulphur (2 wt.%) 222 
present in this lignite. At a low O2 concentration environment, as it is the case in the CLOU 223 
process, there is a competition for oxygen between the carbon and the pyritic sulphur. As a 224 
consequence, carbon combustion is favored over pyrite oxidation [15]. These results show 225 
that the pyritic S present in the fuel can affect the S emissions of the air-reactor of a CLOU 226 
system. Thus S/C in char passing to the air reactor is higher than that in nascent char, and 227 
sulphur emissions from the air reactor are higher than expected. This S concentration in the 228 
fines recovered in the different filters of the plant has been taken into account in the global S 229 
balance. The analysis done to the fines recollected shows that the S/C ratio changes from 230 
0.09 (nascent char) to 1 in the unburnt char exiting the fuel reactor, due to the presence of 231 
pyritic sulphur. 232 
Fig. 6 shows the splitting of the total sulphur in the continuous plant between gas and solids 233 
streams. A major S emission comes from to fuel-reactor stream as SO2. The S balance in the 234 
fuel- and air-reactor gas outlet closes at  50-55 wt.%. It must be pointed out that fines 235 
recovered in filters from fuel-, and air-reactor were concentrated in S.  236 
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Fig 6 also shows the amount of sulphur in the ashes in form of pyritic sulphur in both solid 237 
reactor streams. Between 8 to 11 wt.% of the total sulphur fed was as unburned pyritic 238 
sulphur. Moreover, it is known that the presence of CaO in the lignite ashes allows the self-239 
retention of sulfur during combustion by formation of CaSO4 [16]. In this way, Fig. 6 also 240 
shows the amount of S in the ashes by self-retention, between 10 to 15 wt.% of the total 241 
sulphur fed in the system is retained by this way. Taking into account the sulphur in gas and 242 
solid phases, the sulphur balance closure is approximately 80 wt.%. A possible fate for the 243 
rest of sulphur could be accumulation in the oxygen carrier particles. If so, a sulphur content 244 
of 0.3 wt.% would be present in oxygen carrier particles, which is below the detection level 245 
for XRD or SEM-EDX measurements. 246 
3.3 Oxygen-carrier behaviour  247 
After 15 h of continuous operation at high temperatures and with a high sulphur-content fuel, 248 
the oxygen-carrier did not show any agglomeration problems. 249 
Samples of oxygen carrier exposed to 15 hours of continuous operation were taken from the 250 
fuel reactor and analyzed by TGA and XRD to determine if there was sulphur retention in the 251 
oxygen-carrier. Fig 7 shows the reactivity of the fresh and used samples. It can be seen that 252 
both samples exhibited the same reactivity for reduction and oxidation. Also the oxygen 253 
transport capacity of the oxygen-carrier was not affected. The high sulphur concentration 254 
during 15 h did not affect the reactivity of the oxygen-carrier. Also XRD analysis, did not 255 
show any S compounds in the oxygen-carrier, although could be below the detection level. 256 
 257 
4 Discussion 258 
With the results found in this work some considerations can be drawn. To fulfil the legislation 259 
limits in relation to the SO2 emission from the air-reactor using high-sulphur content fuels 260 
different modifications in the system can be adopted. (1) Reduce the pyritic sulphur content in 261 
the fuel to reduce the amount of sulphur transferred with the char to the air-reactor, (2) 262 
increase the fuel-reactor temperature, (3) increase solids inventory to increase the char 263 
Submitted, accepted and published by 
Applied Energy 113 (2014) 1855–1862 
11 
conversion in the fuel-reactor or (4) use a carbon separation system to decrease the amount 264 
of char transferred to the air-reactor. Reducing the pyritic sulphur may not be achievable at 265 
industrial scale. Increasing the solids inventory would increase the cost of the process. 266 
Increasing the fuel-reactor temperature can increase the char conversion and the oxidation of 267 
the pyritic sulphur, but temperature restrictions up to 950 ºC in the fuel-reactor can be 268 
assumed, to avoid high O2 concentration at fuel reactor outlet. 269 
In a previous work [5], an optimization of the CLOU process using a carbon separation 270 
system was carried out to maximize the CO2 capture efficiency using the minimum solid 271 
inventory. A similar analysis can be now carried out to evaluate the effect of the use of a 272 
carbon separation system in the CLOU process regarding SO2 emissions in the air-reactor. 273 
The sulphur emissions in the air-reactor directly depend on the sulphur content in char 274 
particles to the air reactor. A carbon separation system can be used to improve the char 275 
conversion in the fuel reactor. This system allows the separation of char and oxygen-carrier 276 
particles by entrainment. In this way, the char is transported back to the fuel reactor to 277 
improve the char conversion, whereas the oxygen carrier particles are sent to the air reactor. 278 
So, at the same time that the carbon flow to the air reactor is reduced, also the SO2 279 
emissions in the air-reactor are reduced.  280 
Considering a carbon separation system, char conversion can be calculated as a function of 281 
the carbon separation system efficiency as follows [17]: 282 
(1 )1
( )· (1 )
mX
r m m
-= - - + -


OC CSS
char
C OC,FR OC CSS
η
η  (4) 283 
where OCm  is the oxygen carrier flow rate, CSS is the carbon separation system efficiency, (-284 
rC) the fractional conversion rate of char and mOC,FR the mass of oxygen carrier in the fuel 285 
reactor. The SO2 emission from the air reactor is related to the char conversion in the fuel 286 
reactor with the following equation: 287 
, 6
2,
· · ·(1 )
·10coal char S char charem
air
m f f X
SO
V
-=   (5) 288 
Submitted, accepted and published by 
Applied Energy 113 (2014) 1855–1862 
12 
Note that in the CLOU process, gas coming from the air reactor is the only stream emitted to 289 
the atmosphere. Where coalm  is the kg/s are needed to feed 1 MWth of coal to the fuel-290 
reactor, fS,char is the amount of sulphur present in the fix carbon and Vair the volume of air 291 
needed to burn 1 MWth of coal. For preliminary estimation, it was assumed a uniform S 292 
release during char combustion, that is, a S/C ratio constant and equal to the nascent char. 293 
Using Eq. 4 and 5, it is possible to analyse the effect of the oxygen carrier inventory and the 294 
efficiency of carbon separation system on SO2 emissions in air-reactor, once the value of 295 
C(-r )  is known. At 925 ºC the char conversion rate was 4.4 %/s for Lignite. This value has 296 
been obtained by Adanez et al. in a study for the combustion of different types of coals in a 297 
CLOU process [5]. 298 
Figs. 8(a), (b) and (c) show the estimated SO2 emissions as a function of the fuel reactor 299 
inventory using this lignite, when a carbon separation system with different carbon separation 300 
efficiencies (CCS = 0, 50 and 90%) are considered at 909 (a), 935 (b) and 950 ºC (c). As can 301 
be seen in Fig. 8(a), if the carbon separation system efficiency (CCS) is given, the SO2 302 
emission decreases when the oxygen carrier inventory increases due to the increase of the 303 
residence time of solids in the fuel reactor. For the same reason, if CCS increases more char 304 
returns to the fuel reactor increasing its residence time. As a consequence, the SO2 emission 305 
decreases with CCS. The effect of the carbon separation system is very high especially at the 306 
lowest temperatures and lowest oxygen carrier inventories in the fuel reactor. 307 
Predictions considering different fuels have been done in a similar way. A medium volatile 308 
bituminous coal (MVB) with 0.9 wt.% of S and an anthracite with 1.3 wt.% of S were 309 
evaluated. In a previous work [5], the rates of char combustion of these coals were 310 
determined in the CLOU unit. At 925 ºC the char conversion rate was 3.3 %/s for MVB and 311 
0.4 %/s for the anthracite. 312 
Fig. 9(a) and (b) show the SO2 emission as a function of the fuel reactor inventory for these 313 
coals (lignite, anthracite and MVB) at 930 ºC when a carbon separation system is considered 314 
(90%) or not (0%). In Fig 9(a) it can be seen that coals with high reactivity and low sulphur 315 
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content, e.g. MVB, would fulfil the legislation without a carbon separation system using low 316 
solid inventories. On the other hand, for coals with very high sulphur content (lignite) or low 317 
reactivity (Anthracite) a carbon separation system is necessary to fulfil the legislation limit 318 
with low inventories in the fuel-reactor.  319 
These results were obtained assuming that the ratio S/C ratio in the char was constant 320 
during all the combustion period. As it was shown in this work, the presence of pyritic sulphur 321 
in the char affected the SO2 emissions in the air-reactor. Therefore, coals with high pyritic 322 
sulphur content must increase the oxygen-carrier inventories in the fuel-reactor with respect 323 
of those shown in Fig. 8 and 9, to increase the residence time in the fuel-reactor in order to 324 
fully burn the pyritic sulphur. 325 
 326 
Conclusions 327 
In this work, 15 h of continuous operation in a CLOU unit was carried out with a high sulphur 328 
lignite (5.2 wt.% S) using a Cu-based oxygen-carrier. Complete combustion to CO2 and H2O 329 
was obtained and high carbon capture efficiency (96% at 935 ºC) was reached. The majority 330 
of sulphur present in the coal was released as SO2 in the fuel-reactor. Only a small fraction is 331 
transferred to the air-reactor and emitted, although emissions higher than 200 mg/Nm3 were 332 
found. The emissions could be due to a not uniform S release during char combustion, due 333 
to the presence of pyritic suplhur in this coal (2 wt.%). 334 
The oxygen-carrier particles never showed agglomeration problems. In addition, the oxygen-335 
carrier reactivity remained constant. 336 
The use of a carbon separation system to fulfill the SO2 legislation limit was evaluated with 337 
different coals. It was found that the carbon separation system is not necessary with coals 338 
with high reactivity and low sulphur contents. The use of a high efficiency carbon separation 339 
system (ηeff = 90%), would allow compliance with the SO2 legislation requirements even for 340 
coal with high sulphur contents (lignite) or low reactivity (anthracite). 341 
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 350 
Nomenclature 351 
Symbols 352 
Fi  Molar flow of compound i (mol/s) 353 
fchar Mass fraction of char in coal (i.e. fix carbon) (-) 354 
fi Mass fraction in coal of element or compound I (-) 355 
fS,char Mass fraction in char of sulphur (-) 356 
coalm  Mass-based flow of coal fed-in to the fuel-reactor (kg/s) 357 
MOC,FR Mass of solids in the fuel-reactor (kg) 358 
Mi Molecular weight of i compound (kg/mol) 359 
C(- )r  Fractional conversion rate of the char (s-1) 360 
SO2,em SO2 concentration exiting from AR (mg/Nm3) 361 
Sash Sulphur in ashes (kg/s) 362 
Vair Air gas flow exit from the AR (Nm3/h) 363 
Xchar Carbon conversion in char particles (-) 364 
 365 
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Greek letters 366 
CC   Carbon capture efficiency (-) 367 
  Carbon separation system efficiency (-) 368 
comb,FR  Combustion efficiency (-) 369 
   Oxygen-carrier to fuel ratio (-) 370 
coal   Stoichiometric mass of O2 to convert 1 kg of coal (kg/kg) 371 
 372 
Subscripts 373 
AR Air reactor 374 
CLC Chemical-Looping Combustion 375 
CLOU Chemical-Looping with Oxygen Uncoupling 376 
FR Fuel reactor 377 
LHV Low Heating Value  378 
outFR Outlet stream from fuel-reactor 379 
outAR Outlet stream from air-reactor 380 
TGA Thermogravimetric analyser 381 
XRD X-ray diffractometer 382 
 383 
384 
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 441 
Caption of figures 442 
Fig 1. Schematic view of the ICB-CSIC-s1 unit for coal-fuelled CLOU (1.5 kWth).  443 
 444 
Fig 2. Effect of the fuel-reactor temperature in the combustion efficiency in the fuel-reactor 445 
(●) and carbon capture efficiency (▼).  446 
 447 
Fig 3. Sulphur distribution in the continuous CLOU plant at the outlet of fuel-reactor (■) and 448 
air-reactor (●). 449 
 450 
Fig 4. Effect of the fuel-reactor temperature in the SO2 emissions normalized at 6% O2 in the 451 
air-reactor: (▼) measures in CLOU unit and (■) calculated using a uniform S release during 452 
char conversion; SO2 legislation emission limit (- - -) 453 
 454 
Fig 5. Gas outlet concentrations of C(-) and SO2 (···) from the batch fluidize bed reactor. 455 
Heating: N2. Combustion: 2.5% O2 in N2. 456 
 457 
Fig 6. Sulphur splitting in the continuous CLOU plant. : fuel-reactor gas outlet; : air-458 
reactor gas outlet; : pyritic sulphur in ashes; .: self-retention by ashes. 459 
 460 
Fig 7. Conversion vs. time curves for (a) reduction and (b) oxidation reactions for fresh and 461 
used 15 h CLOU unit particles. Reduction in N2 and oxidation in air at 1000 ºC in TGA.  462 
 463 
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Fig. 8. SO2 emissions as a function of the fuel reactor inventory for lignite at three different 464 
efficiencies of the carbon separation system and three temperatures in the fuel reactor: (a) 465 
909, (b) 935 and (c) 950 ºC. CSSη :0(—), 50%(···), 90% (---). = 1.1. : 1.35 (kg/s per 466 
MWth). SO2 legislation emission limit (-··-··-). 467 
 468 
Fig. 9. SO2 emissions as a function of the fuel reactor inventory for three different fuels and 469 
two carbon separation system efficiencies: (a) CSSη = 0%, (b) CSSη = 90%. Fuels: Lignite (—), 470 
Anthracite (···), Medium volatile bituminous (---).  = 1.1. : 1.35 (kg/s per MWth). SO2 471 
legislation emission limit (-··-··-). 472 
 473 
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Caption of tables 476 
 477 
Table 1. Properties of the oxygen-carrier Cu60MgAl. 478 
 479 
Table 2. Properties of lignite coal and its char. 480 
 481 
482 
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 485 
Fig 1. Schematic view of the ICB-CSIC-s1 unit for coal-fuelled CLOU (1.5 kWth).  486 
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Fig 2. Effect of the fuel-reactor temperature in the combustion efficiency in the fuel-reactor 490 
(●) and carbon capture efficiency (▼).  491 
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 493 
Fig 3. Sulphur distribution in the continuous CLOU plant at the outlet of fuel-reactor (■) and 494 
air-reactor (●). 495 
496 
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Fig 4. Effect of the fuel-reactor temperature in the SO2 emissions normalized at 6% O2 in the 498 
air-reactor: (▼) measures in CLOU unit and (■) calculated using a uniform S release during 499 
char conversion; SO2 legislation emission limit (- - -) 500 
501 
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 503 
Fig 5. Gas outlet concentrations of C(-) and SO2 (···) from the batch fluidize bed reactor. 504 
Heating: N2. Combustion: 2.5% O2 in N2. 505 
 506 
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Fig 6. Sulphur splitting in the continuous CLOU plant. : fuel-reactor gas outlet; : air-510 
reactor gas outlet; : pyritic sulphur in ashes; .: self-retention by ashes. 511 
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 514 
Fig 7. Conversion vs. time curves for (a) reduction and (b) oxidation reactions for fresh and 515 
used 15 h CLOU unit particles. Reduction in N2 and oxidation in air at 1000 ºC in TGA.  516 
517 
Submitted, accepted and published by 
Applied Energy 113 (2014) 1855–1862 
28 
 518 
ms,FR (kg/MWth)
200 400 600 800 1000
SO
2 
(m
g/
N
m
3 )
0
500
1000
1500
2000
2500
ms,FR (kg/MWth)
200 400 600 800 1000
ms,FR (kg/MWth)
200 400 600 800 1000
TFR = 909 ºC TFR = 950 ºCTFR = 935 ºC(a) (b) (c)
 519 
Fig. 8. SO2 emissions as a function of the fuel reactor inventory for lignite at three different 520 
efficiencies of the carbon separation system and three temperatures in the fuel reactor: (a) 521 
909, (b) 935 and (c) 950 ºC. CSSη :0(—), 50%(···), 90% (---). = 1.1. : 1.35 (kg/s per 522 
MWth). SO2 legislation emission limit (-··-··-). 523 
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Fig. 9. SO2 emissions as a function of the fuel reactor inventory for three different fuels and 527 
two carbon separation system efficiencies: (a) CSSη = 0%, (b) CSSη = 90%. Fuels: Lignite (—), 528 
Anthracite (···), Medium volatile bituminous (---).  = 1.1. OCm : 1.35 (kg/s per MWth). SO2 529 
legislation emission limit (-··-··-). 530 
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 532 
Table 1. Properties of the oxygen-carrier Cu60MgAl. 533 
Oxygen transport capacity, ROC (wt.%) 6 
Crushing strength (N) 2.4 
Real density (g/cm3) 4.6 
Porosity (%) 16.1 
Specific surface area, BET (m2/g) < 0.5 
XRD main phases CuOMgAl2O4 
 534 
535 
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Table 2. Properties of lignite coal and its char, as received basis. 536 
 Lignite Char 
C 45.4 % 55.8 % 
H 2.5 % 0.4 % 
N 0.6 % 0.5 % 
S 5.2 % 5.03 % 
O(1) 8.5 % ---- 
Moisture 12.6 % 0.52 % 
Volatile matter 28.6 % 1.17 % 
Fixed carbon 33.6 % 54.8 % 
Ash 25.2 % 43.5 % 
LHV (kJ/kg) 16250  
(1)Oxygen to balance.  537 
 538 
 539 
